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The hypothesis that mpmardial contrast
echocardiography
could be used m simultaneously assess coronary blood now
reserve and the size or the perfusion bed supplied by a
coronary artery was examined in nine patients and six dogs.
All patients were undergoing cardiac
catheterizatiun and
had single vessel coronary artery disease (-85
1
1 sitirom s of
either the proximal left anterior descending or the left
circumflex coronary arteryl ; the six dogs had a critical
stenosis of the left circumflex coronary artery . Three mil-
Hitters of sonicated Renografin-761 mean esicrobuhhle size 6
ynml was injected into the left main coronar y artery before
and after int:aeoronary administration of papavarine . 61o
9 mg. The beds supplied by the normal and stenotic vessels
could nut be differentiated during contrast echocardiog-
raphy before infection of papavarine . However, after pa.
pavurine, the normal vascular bed shoved significantly
r contrast enhancement than did the bed supplied by
the steno6c artery. This disparity in contrast enhancement
made it pomihle to delineate the size of the bed perfused by
The stenolic vessels .
Not only is !here a poor correlation between untemortem
cineangiographic and postmortem estimation of the degree
of luminal narrowing of coronary aileries
(1-3), but the
visual interpretation of coronary angiograms is also
subject
to large infra- and interobserver vartahlity and errors (4-6)
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nhtained from the echocardiograms wax performed in the
dogs, the absolute values for the area under the curve. peak
crow.'
iniemity 'and curve width did not correlate pith
ahs • : ute Stuart flow's measured
will, radtolaheled micrn-
sfheres, iloss'eser. the ratios of the areas under the curves
do sod from the lw'n vosrular beds before and after
papavarine correlated well with
the ratios of blood q-,
between the h+11 beds during the came stages Ir' = 0,53 by
linear regression and r' = 0.05 by an exponential funrtiuni .
In comparison, the ratios of peak amplitudes and a -
w'idth before and after papavarine had poor rorretatiors
with ratios of nuns from the too bed, (r' = 0 .10 and 0.01,
respeclivelyl .
In conclusion, myncardiat cunlrast echacardirgrophy
ran he used h, simoitaneaucly assess coronary hlnnd now'
and the size of the perfusion bed supplied by a
sienutic vessel.
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this technique are : 1) it requires placement of the flow probes
selectively in each coronary artery or on each vessel at the
time of thoracotomy, 2) it can measure only changes in
velocity and not changes in flow (for which measurement of
intraluminal area is required), and 3) it does not provide
information regarding the size of the perfusion bed supplied
by a coronary artery .
Because myocardial contrast echocardiography can de-
fine both the perfusion bed of a coronary artery (19-22) and
nutrient myocardial blood flow (23-26), we hypothesized
that myocardial contrast echocardiography could be used to
assess coronary blood flow reserve in humans. Before the
technique was used in humans, it was validated in six
mongrel dogs with myocardial blood flow measurements
made with the use of radiolabeed microspheres. Studies
were then performed in humans to determine the ability of
this technique to assess coronary blood flow reserve in
patients with single vessel coronary artery disease .
Methods
A .rLrtal Studies
Animal model . Six mongrel dogs weighing 26 s 3 kg
(mean
t I SD) were anesthetized with 30 mg/kg body weight
pentobarbital sodium (Abbott Laboratories), intuhated and
ventilated with a dual phase control respirator pump (model
607, Harvard Apparatus) . Additional anesthesia was given
as needed during the experiment . An 8F catheter was placed
in the left femoral vein for the administration of intravenous
fluids and drugs. A similar catheter was placed in the left
femoral artery aid connected to a multichannel physiologic
recorder (model 4568C, Hewlett Packard) by way of a fluid
filled transducer (model 4568C, Hewlett Packard)
. This
catheter was used for monitoring mean arterial pressure,
measuring arterial blood gases and withdrawal of reference
arterial samples during injection of radiolabeled micro-
spheres .
A left thoracotomy was performed and the heart was
suspended in a pericardial cradle . A 4F catheter was placed
in the left atrium for the injection of radiolabeled micro-
spheres . The left anterior descending coronary artery was
dissected free from the surrounding tissues and a 22 gauge
Teflon catheter ~,Travenol Laboratories) was inserted into
the lumen of Mr. artery through its anterior wall . The tip of
this catheter was positioned at the bifurcation of the left
main coronary artery (21). This catheter was used for the
injection of the contrast agent during echocardiography
. An
appropriately sized electromagnetic flow probe (model
EP406 . Carolina Medical Electronics Inc .) was attached to
the left circumflex coronary artery to measure coronary
blood flow . A fluid-filled hydraulic occluder was placed
snugly around this artery just distal to the electromagnetic
flow probe (Fig . I). The flow probe wa, connected to a
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Figure 1
. Animal preparation used for the experiments (see text for
detaityr
flowmeter (model FM501 . Carolina Medical Electronics),
which in turn was connected to the physiologic recorder .
Two-dimensional echocardiography . Two-dimensional
echocardiography was performed with a commercially avail-
able sector scanning system equipped with a 5 MHz mechan-
ical transducer (Mark Ill, Advanced Technology Laborato-
ries). Images were recorded on a 0 .5 in (2 .54 cm) video tape
with the use of a commercially available VHS recorder
(Panasonic NV-8950, Matsushita Electrical Industrial Co.).
The transducer was placed to obtain short-axis views at the
mid-papillary muscle level . Its position was fixed at the same
level throughout the experiment by a clamp attached to the
procedure table (21) . Gain settings were optimized at the
beginning of each experiment and kept constant throughout
the recording period
. A saline bath acted as an acoustic
interface between the transducer and the heart
(21). The
injection sequence was timed with a character generator
(model 058, Medical Diagnostic Services) that projected the
time in hundredths of a second onto the ultrasound video
image
. A standard limb lead electrocardiogram was also
recorded with the echocardiographic images on video tape .
The echo contrast agent used for these experiments
comprised 4 to 10 am microbubbles (mean size 6 µm)
produced by sonication of Renografin-76 as previously de-
scribed (27) . Eight milliliters of Renografin-76 (diatrizoate
meglumine and diatrizoate sodium, 18 .5 g/ml . E.R . Squibb
and Sons Inc .) was sonicated at 20,000 Hz with a power
output of 75 W for 30 s with the use of a commercially
available sonicating system (model W-375, Heat Systems
Ultrasonics Corp .) . The half-life of the microbubbles is 2 .7
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min and the concentration is 5001)00
- 20001)0 microhnb-
bleslml (28)
.
forages %(ere mraly.,ed on an o94i", image nnahsis
ratnputer (Mipron System, Kontron Electronics) as peeve
ously described (24) . Images were transferred from video
tape to the computer in a 340 x 240 x 8 format . End-
diastolic frames, beginning six heats before contrast injec-
tion and extending until contrast disappearmce from the
myocardium, were identified . An acetate sheet was placed
over the video monitor and regions of interest over myocar-
dial beds supplied by the left anterior descending and left
circumflex coronary arteries were defim:d on this sheet .
These beds were defined from a contrast in;ectioe performed
during a transient total occlusion of the left circumflex artery
that was performed in each animal before termination of the
experiment. Other landmarks such as the epicardium . endo-
cardium and right ventricular free wall-posterior left ventric-
ular wall junction were also marked on the acetate sheet .
This acetate sheet was then positioned over each end-
diastolic frame to achieve proper registration of these land-
marks to account for cardiac translation and rotation . A
hand-held digitizer was then used to trite e the myocardial
regions of interest in each end-diastolic frame corresponding
to those drawn on the acetate sheet . The regions of interest
were defined in the middle of the myocardium, thereby
avoiding the epicardial and endocardial echo bands
. The
computer then determined the average gray level (range 0 to
255) in each region of interest . The resultant values were
written to an ASCII file and transferred to a minicomputer
(VAX 8200 . Digital Equipment Corp .) by means of an
RS-232 interface . Background subtraction and least square
curve fitting of a gamma-variote function ly = Ate"') were
performed, where A is a scaling factor, a is a variable of
curve width and I is time (29) . a is represented in seconds - ' :
the greater the value of a, the narrower the width of the
curve . The following variables were also calculated : curve
amplitude (Aloe) and area under the curve (Ala) .
Measurement o£ regional myocardial blood flow . Myocar-
Jial blood flow was measured before and after inlracuronary
injection of papaverine. a s previously described (24) . Ap-
proximately 2 .0 x l0' 15 µm size . radiolabeled microspheres
(New England Nuclear Corp .) were injected into the left
atrium. These microspheres were agitated in 4 ml of 0.9'?)
saline-0 .01% Tween-80 solution before injection . The two
sets of spheres used and their corresponding encr;-y win-
dows were: "chromium, 280
- 360 KeV and . . 'tin, 362 -
440 KeV . The catheter through which the spheres were
injected was flushed immediately after the injections with 5
ml of 0
.9% saline solution
. Reference arterial blood sampling
through the aortic catheter was begun at a rate of 6 ml/mm
just before microsphere injection and continued for a total of
90 s with the use of a consumt-rate withdrawal pump (model
944, Harvard Apyaratus)
.
At the end of the experiment, the left circumflex coronary
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artery was ligated at the site of the hydraulic occluder .
Myocardial contrast echocardiography was performed to
define the perfusion beds . Forty milliliters of saturated
monastr l blue solution (0 .5% Monastral Blua dye. Sigma
Chemical Co ., in phosphate buffer solution mixed with 5
17,
destran and 0.9% saline solution) was injected into the
catheter placed in the left anterior descending coronary
artery . after which the animal -o(as killed (211. In this manner,
the left anterior descending artery bed was stained blue and
the left circumflex artery bed remained unstained. The heart
was removed from the thorax, and the great vessels, atria,
right ventricular free wall and epicardial fat were removed
.
The heart was cut into a I cm thick slice corresponding to the
level of echocardiographic interrogation 119) . This slice was
then cut in'.' 16 equal wedge-shaped pieces, and each piece
was divided into inner. middle and outer portions . The
myocardial and reference blood samples were placed in
preweighed plastic tubes and reweighed an an electronic
balance (model 1601, Sartorius Corp .) that was connected to
the minicomputer (VAX 8200) by way of an RS-23 2_ interface
allowing automatic transfer of data into a preconfigured file .
The samples were counted in a well counter with a multi-
channel analyzer (model 5986 . Auto-gamma Scintillation
Counter, Packard Corp .l . These data were also automati-
cally transferred to the preconfigured file in the minicom-
puter containing the sample weights . A computer program
was used to correct for the activity spilling from one window
to the next and for determining myocardial blood flow in
milliliters per minute in each of the samples with the use of
the following equation : Quit = (Cm x Qr)/Cr. where Qm
myocardial blood flow . Cm
-
ltssae coatis; (cisimin). Or =
rate of withdrawal of arterial sample (ml/min) and Cr =
counts in reference arterial sample. Transmural blood flow
(milliliters per minute per gram) was calculated by dividing
the total flow to ail three myocardial segments by their
combined %(eight .
Protocol . Arterial blood gases were monitored through-
out the experiment ; the respiratory rate and the concentra-
tion of expired oxygen in the air (FIO_) were adjusted and
intravenous sodium bicarbonate was given accordingly . Cor-
onary blood flow and arterial blood pressure were recorded
on the physiologic recorder at a paper speed of 10 mmls,
which was calibrated before each injection . A critical steno-
sis of the left circumflex coronary artery was created by
tightening a micrometer attached to the hydraulic occluder
until a 6 mg intracoronary injection of papaverine hydrochlo-
ride (Ely Lilly and Co
.) no longer produced an increase in
blood flow as measured by the electromagnetic flow probe .
Myocardial blood flow measurements . obtained with the use
of radiolabeled microspheres . and myocardial contrast echo-
cardiography were performed in a random order 5 min apart .
After hemodynamic equilibration. myocardial contrast echo-
cardiography and myocardial blood flow measurements were
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repeated 5 min apart 45 s after separate intracoronary
injections of 6 mg of papavarine hydrochloride .
Statistical analysis. All data analysis (including curve
fitting) was performed with RS/l (Bolt, Beraneck, and New-
man). Data were expressed as mean ± I SD . Data acquired
before papaverine injection were compared with those ac-
quired after papaverine injection with the Student's t test for
paired data. Transmural blood flow data (absolute and ratios)
were correlated with variables derived from the time-
intensity curves during contrast echocardiography (absolute
and ratios) with the use of linear regression analysis or an
exponential function: f(x) = a - be' --'. lntraobserver
variability for the assessment of the degree of coronary
stenosis was estimated with the use of a components of
variance model (BMDP:8V, Department of Biomathematics,
University of California, Los Angeles), and error was ex-
pressed as the square root of the variance between two sets
of observations .
Human Studies
Patient selection. Nine patients (five men and four
women, mean age 55 ± 12 years) with angiographically
documented single vessel coronary artery disease involving
either the left anterior descending or the left circumflex
coronary artery were studied
. Such patients were selected
because it was planned to have one of the vascular beds
supplied by the left main coronary artery act as a control for
the other bed . Four of the nine patients had disease of the
left anterior descending and five of the left circumflex
coronary artery. All patients had 585% stenosis at a proxi-
mal site in the vessel
; the mean percent stenosis was 90%,
Patients with conditions other than epicardial coronary
artery stenosis known to affect coronary blood flow reserve,
such as prior myocardial infarction or left ventricular hyper-
trophy, were excluded (30,31), as were patients with valvu-
lar heart disease and unstable angina pectoris . All patients
included in the study gave informed consent to the protocol
approved by the Human Investigation Committee at the
University of Virginia School of Medicine .
Coronary angiography. Cardiac catheterization was per-
formed with the Judkins technique (32) . Biplane selective
coronary angiography and left ventricular cineangiography
were performed in a routine manner
. The coronary angio-
grams were reviewed by two independent observers. Steno-
tic lesions were quantitated by measuring the diameter of the
coronary artery lumen proximal to (D N) and at the site of
(Ds)
the stenosis with hand-held calipers in two orthogonal
views. The percent stenosis was equal to 1-(Ds/D.)
The
intraobserver variability of our method of assessing coro-
nary stenosis severity was small (2%). All patients had
severe stenosis of or.e vessel (either the left anterior de-
scending or the left circumflex coronary artery) and <50%
stenosis in the remaining vessels . Stenoses of <50% should
not have significant effects on coronary blood flow reserve
(11,14).
Contrast echocardiography . Two-dimensional echocar-
diography was performed with use of a sector scanning
system with a 2 .5 MHz phased-array transducer (model
77020AC, Hewlett Packard Corp .) . All images were re-
corded on 0.5 in. (2.54 cm) video tape with a commercially
available VHS video recorder (model AG6300, Panasonic
Corp .) . During the injection of contrast medium, a single
parasternal short-axis view at either the mid-papillary or
apical level was obtained in seven patients, and a single
parasternal long-axis view was obtained in two patients . The
echocardiograms were analyzed by two independent observ-
ers . The intensity of contrast enhancement in the myocardial
bed supplied by the left anterior descending coronary artery
(anterior septum and anterior wall) was visually compared
with the enhancement seen in the left circumflex bed (poste-
rolateral walls) . This assessment was made on contrast
injections performed before and after papaverine injection in
all patients.
Protocol. After routine coronary angiography, a foam
wedge was placed behind the patient's back so as to tilt the
chest to a 30' lateral position . The Judkins catheter was then
engaged in the left main coronary artery and 3 ml of
sonicated Renografin-76 injected into the catheter by hand .
Echocardiographic recordings were obtained simultaneously
until the contrast medium disappeared from the myocar-
dium . The Judkins catheter was then disengaged from the
left main ostium and flushed with 0.9% saline solution . Five
minutes later, the catheter was again engaged in the left main
ostium and 9 mg of papavarine hydrochloride injected
through it . The catheter was immediately flushed with 5 ml
of 0.9% saline solution. Forty-five seconds later (during the
maximal coronary vasodilator effects of papavarine), 3 ml of
sonicated Renografin-76 was injected through the catheter
and echocardiographic recordings were obtained until the
contrast medium disappeared from the myocardium. Be-
cause the dead space of the catheter is approximately I ml,
only 2 ml of sonicated Renografin-76 entered the myocar-
dium during each injection. We have previously demon-
strated (32) that this amount of sonicated Renografin-76 is
safe in humans . The addition of this protocol added no more
than 10 to 15 min to the cardiac catheterization procedure .
Results
Animal Studies
Regional myocardial blood Bow . Mean transmural blood
flows to the myocardial beds supplied by the left anterior
descending and the left circumflex coronary arteries were
similar before papaverine (0.9 ± 0 .4 and 0.7 ± 0 .3 ml/min per
g, respectively) . After papaverine, approximately a 3 .5-fold
increase in flow was noted to the arterial bed supplied by the
left anterior descending artery (2
.6 ± 0.7 ml/min per g [p <
JACC Vol. 12, No. 4
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Figure 2. End-diastolic echocordiographic images ob-
tained at the mid-papillary muscle short-axis level in a
dog with a critical stenosis of the left circumflex coro-
nary artery: A, Before injection of contrast medium : B.
After injection of contrast medium : and C, After injec-
lion of both intracoronary papavarine and contrast me-
dium
. The area not showing contrast enhancement in
panel C (arrows) represents the perfusion bed of the left
circumflex (LCX)
coronary artery (see tent for details)
.
LAD = left anterior descending coronary artery : LV =
left ventricle; RV = right ventricle .
0 .011), whereas the flow to the left circumflex artery bed did
not change significantly (0.8 ± 0 .4 mlimin per g).
Eehoeardiographie data. Echocardiographic images ob-
tained before (A) and during (B and C) contrast injection are
shown in Figure 2 . Contrast medium appears throughout the
myocardium before injection of papaverinc despite a critical
left circumflex artery stenosis (Fig. 2B) . After injection of
papaverine, there is enhanced contrast in the entire left
anterior descending coronary artery bed compared with 'he
left circumflex artery bed (Fig. 2C). The size of the myocar-
dial bed supplied by the left circumflex artery is also clearly
delineated because of the disparity of contrast enhancement
between the two beds (area subtended by arrows).
Because of large baseline variations noted in the gray
scale intensities caused by respiration in one animal, quan-
titative data analysis was performed in five of the six dogs
.
Figure 3 illustrates the results of the quantitative analysis of
the contrast injections shown in Figure 2. Before injection of
papaverine, the curves for the left anterior descending and
left circumflex artery beds are similar (Fig . 3A) . However,
after the injection of papaverine, the peak intensity and area
under the curve are greater in the left anterior descending
compared with the left circumflex artery bed; the curve
width also appears to be greater despite increased flow to
that bed .
The absolute values derived from quantitative curve
analysis for the five dogs are shmvn in Table l . All three
variables were similar in the left anterior descending and left
circumflex artery beds before the injection of papavarine .
After the intracoronary injection of papavarine, the area
under the curve increased . whereas thete were small, insig-
nificant decreases in a and peak amplitude in the left anterior
descending artery bed . In comparison, the area under the
curve and peak amplitude decreased while a increased in the
left circumflex artery bed after papavarine . The difference in
these values between the two beds after intracoronary
papavarine reached borderline significance in the case of the
areas under the curves (p = 0 .07) but attained statistical
significance in the case of peak amplitude (p = 0 .03). There
92
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was no significant change in a
. The correlations between
these absolute values and actual transmural blood flows
were poor with r t values of 0.0 1, 0 .03 and 0.002 for areas
under the curves and transmural blood flow, peak amplitude
of the curves and transmural blood flow and a and trans-
mural blood flow, respectively .
Because the concentration of injected microbubbles and
the gain settings were not constant between experiments . the
ratios of myocardial blood flow in the left anterior descend-
ing and left circumflex artery beds were compared with the
ratios of all three curve variables derived from these beds
before and after papavarine (Table 2) . The ratio of areas
under the curves was significantly greater (p < 0 .05) after
than before papavarine
. In contrast, although the ratio of the
amplitudes of the curves from the two beds was higher after
papavarine, the difference was not significant
. The ratio of a
derived from the two beds remained unchanged after papa-
varine . The areas under the carves derived from the two
beds during myocardial contrast echocardiography corre-
lated well with the blood flow ratios (Fig . 4) . With linear
regression, the r2 value was 0.73 (p < 0.0011 anti SEE 0.44 .
When curve fitting was performed with the exponential
function, this value increased to 0 .85 (p < 0.blti ( (SEE 0.35) .
There was a poor correlation between both the ratios of the
peak amplitudes of the time-intensity curves and a to the
ratios of the blood flows derived from the two vascular beds
before and after papavarine (r2 = 0.18 and r
2
= 0.02.
respectively).
Human Studies
Eehocardiographic data
. Figure 5 shows end-diastolic
frames at the apical level from myocardial contrast echocar-
diographic image; taken from a patient with a 90% stenosis
of the left anterior descending coronary artery . Panel A
represents a baseline echocardiogram before contrast injec-
tion, panel B represents contrast enhancement before para-
vcrine and panel C demonstrates the change in the pattern of
contrast enhancement produced by papaverine-induced
93
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Figure 3 . Time-intensity curves obtained after fitting a gamma-
variate function to the data obtained from the stages of the experi-
ment in the dog with critical stenosis of the left circumflex coronary
artery indicate .: in Figure 2
. A, Before injection of papavarine ; the
curves from both arterial beds are nearly identical . B, After injection
of pxpavarfae; the peak contrast effect and area under the curve are
significantly greater in the left anterior descending (LAD) compared
with the left circumflex (LCX) artery bed (see text for details) .
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vasodilation . The appearance of contrast is similar in the left
anterior descending and left circumflex beds before the
injection of paraverine. After papaverine . the left circumflex
artery bed demonstrates enhanced contrast opacification
.
The area supplied by the left anterior descending artery is
also delineated after the intracoronary injection of papava-
rine (area subtended by arrows in Fig . 50 because of the
obvious disparity in contrast enhancement between the two
beds . Similar results were noted in all patients . As would be
expected, none of these patients with chronic stable angina
exhibited less contrast enhancement of the bed supplied by
the stcnotic artery during myocardial contrast echocardio-
graphy before the injection of papavarine.
Discussion
to the present study we have demonstrated that myocar-
dial contrast echocardiography can be used to assess coro-
nary blood flow reserve in patients with coronary artery
disease. We did not validate the technique in humans using
an independent standard because we feel that there is no
"gold standard" for assessing coronary blood flow reserve
in humans. However, we validated this technique for the
measurement of blood flow reserve against the method of
radiolabeled microspheres in dogs with critical coronary
stenoses, We showed that the ratios of areas under the
curves derived from time-intensity plots generated during
myocardial contrast echocardiography correlate well with
blood flow reserve measured using radiolabeled micro-
spheres . We, therefore, believe that myocardial contrast
echocardiography has promise for the assessment of coro-
nary blood flow reserve during coronary angiography in
patients with coronary artery disease .
Variables of tinte•intensity curves and coronary blood flow
reserve
. The rate of turnover of an inert tracer from a tissue
is proportional to the flow through the tissue as long as the
volume of distribution is constant . We have previously
demonstrated (24) that the width of the time-intensity curves
generated during myocardial contrast echocardiography re-
lates directly to regional myocardial blood flow measured
using radiolabeled microspheres . These findings are consis-
tent with the indicator-dilution principles (33). 1n the same
experiments, when vasoactive substances were not used to
alter flow, we were unable to show a relation between peak
Table 1 . Quantitative Contrast Curve Analysis With Critical Coronary Stenosis of the Left Circumflex Artery in Five Dogs
LCx
After &fore After
Ppaverine Papaverine Ppuverine
536 *- 426• 339 4 296 215 140
71 *- 35r 45 x 28 30 n 16t
0.45 0.18 0
.42?0
.17 0.50_0.45
	 p = 0.07 between the two beds : `p = 0.03 between the two beds. LAD and LCx = left anterior descending and left circaranes cmenary artery. respectively.
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Table 2. Ratios of Contrast Washout Va2ahlr, and Regional Myocardial Blood
Fill'
From the Left Anterior Descending and Left
Circumflex Artery Beds in the Presence of Critical Stcnesis of the Left Circumflex Artery in Five Dogs
'p 10.05 before and after pepavunnc. Abhreaiahnns as :n I' ahle
11
amplitude of the curves and regional flow ; the relation
between the areas under the curves and blood flow was not
measured in those experiments .
In the present study, we used intracoronary papavarine
which, as a potent vasodilator, can change the myocardial
volume as well as concentration and velocity of red blind
cells within the myocardium (34,35) . Because sonicated
microbubbles behave like tracers of red blood cells (36),
their flux through the myocardium represents the in vivo fate
of red blood cells rather than the total blood volume . Our
data suggest that the number of red blood cells per unit
volume of tissue is significantly higher in the normal arterial
bed after papavarine . Therefore, a measure of the number of
microhubbles (areas under the curves) relates best to re-
gional perfusion . These findings are consistent with those of
Klitzman and Duling (34),
who found a four-fold increase in
local arteriolar hematocrit in the hamster cremaster muscle
during superfusion of 0.1 mM adenosine . Because of the
variability in the concentration and rate of injection of the
Figure 4, Relation between ratios of Imnsmural blood flows (with the
use of radiolabeled microsphcres) noted in the left anterior descend-
ing (LAD) and left circumflex (LCX) artery beds before and after
injection of papavarine to the ratios of the areas under the curves
during myocardial contrast echocardiography during the same
stages . By linear regresion (thin tine), y = 0 .4x + 0.71c = 0.73, p
< 0.001, SEE = 0
.44) . By an exponential function (bold heel, y =
3 .2 - 3 .7xe- ' n ` ' 0' = 0 .85 . p < 0.0001, SEE = 0.35) .
Penn
OF MYOCARDIAL atom
FLOW
(LAu/LCx)
microhubbles during each stage of the experiment, the ratios
of the areas under the curves from the left anterior descend-
ing and left circumflex artery beds, rather than the absolute
areas of the comes derived from these two beds, correlate
with blood flow reserve as measured with the use of radio-
labeled microsphe :es . Perhaps the standardization of micro-
bubble size, concentration and rate of injection and improve-
ments in the methods of acquiring echocardiographic data
will make it possible to measure absolute changes in flow
induced by vasoactive substances .
In both Figures 2 and 5, the myocardium supplied by the
stenotic vessels (left circumflex artery in Figure 2 and left
anterior descending artery in Figure
5)
shows almost total
lack of contrast enhancement compared with the normally
perfused bed after the intracoronary it,_ction of papavarine
(panel C in both figures) . There are two possible explana-
tions for this phenomenon . First, it is possible that intraco-
ronary injection of papavarine causes "coronary steal" from
a bed supplied by a severe stenosis, resulting in reduced
blood flow to that bed (37) . For example, in the dog whose
echocardiogram is illustrated in Figure 2 . the mean trans-
mural blood flow to the left circumflex artery bed after the
intracoronary injection of papavarine decreased by 50%.
However, "coronary steal" was noted in only two of the six
dogs, while the postpapavarine echocardiograms appeared
similar in all the dogs. Although it is more difficult to
document "coronary steal" in humans, the patient whose
echocardiogram is depicted in Figure 5 did not exhibit
ischemic EM changes or experience chest pain during the
intracoronary injection of papavarine
. However, some
of
the
patients did demonstrate such findings after the intracoro-
nary injection of papavarine.
The second erplanation is related to the fits of micro-
bubbles
to the bed supplied by the stenotic artery versus the
normal bed daring intracoronary injection of contrast. Be-
fore the injection of papavarine, the flow to both vascular
beds was equal . After the injection of papavarine, the
average flow increased by 3 .5-fold in the bed supplied by the
normal artery, compared with the bed supplied by the
stenotic vessel. Assuming that an equal number of micro-
bubbles was injected at each stage, the number of microbub-
bles entering the normal bed would be 3 .5 times greater than
that entering the bed supplied by the stenotic vessel . This
Ratio of a
ILADII
.Cx1
Rile of Curve
,in,pliludc
n
.ADILCxl
R:nm or Arc:,
Under the
Curve
it011,1Cxi
Nail f 111-1
Flow
ILAOILCxl
Baseline 0.93 ' (f2 2 I Is c 0.29 1 .1n4J` 12 sir :'
Are, pupaverine 0.99±1140 Hit t2. ill 24011.5' 15m 1 .7'
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"microbubble steal" could result in the large disparity of
contrast noted between the two beds . It is likely that in
several instances a combination of both "coronary steal"
and "microbubble steal" caused a disparity in contrast
enhancement between the different myocardial beds .
It can also he noted in both Figures 2 and 5 that because
of the disparity of contrast enhancement in the beds supplied
by the normal and stenotic vessels, the area perfused by the
stenotic vessel was clearly defined after the intracoronary
injection of papavarine (panel C in both figures) . This
observation is an added advantage of myocardial contrast
echocardiography in comparison with other techniques used
to measure coronary blood flow reserve in the clinical setting
(16-18) . Therefore, information on both the coronary blood
flow reserve and the size of the perfusion bed of a coronary
artery are available, In all our patients this information was
available to us on-line and could have been used to deter-
mine the need for a coronary revascularization procedure .
Qualitative versus quantitative assessment of coronary
blood flow reserve. In both our human and animal studies,
the disparity between the contrast effect noted in the bed
supplied by a critically stenosed vessel and that supplied by
a normal vessel was so great that it was easily observed
visually . This disparity suggested that in comparison with
the control bed, coronary blood flow reserve was reduced in
the bed supplied by the stenosed vessel . Quantitative infor-
mation confirmed these findings in the dogs. However, when
all myocardial beds are supplied by vessels with significant
disease, visual assessment will only indicate the bed sup-
plied by the most critical stenosis . Being a relative compar-
ison between beds, it will not necessarily indicate the
reduction in flow reserve in other beds . In contrast, the
comparison of the areas under the curves before and after
papavarine will provide an estimation of coronary blood flow
reserve
. If the area under the curve derived from any one
myocardial bed does not increase by a certain amount after
papavarine, a critical stenosis supplying that bed can be
JACC Vol
. 12, N,,. 4
Figure 0. End-diastolic echocardiographic images
obtained at the apical short-axis level in a patient
with a 95%o stenosis of the left anterior descending
(LAD) coronary artery . A, Before injection of con-
trast medium ; B, After injection of contrast medium ;
any
C,
After injection of both intracoronary papava-
rine and contrast medium
. The area not showing
contrast enhancement in panel C (arrows) represents
the perfusion bed of the left anterior descending
coronary artery (see text for details). Abbreviations
as in Figure 2 .
suspected . However, if an absolute estimation of coronary
blood flow reserve is desired, false positive results could be
obtained in the presence of prior infarction and hypertrophy
(30,31) . Furthermore, self-attenuation of ultrasound occurs
when the microbubble concentration increases above a
certain threshold (3g). Therefore, it is possible that beyond a
certain ratio of blood flows between two myocardial beds,
the ratio of the areas under the curves will not increase. This
phenomenon might explain why an exponential function
shows a better fit to our data than a linear regression (Fig . 4) .
However, the data are too few to derive any definitive
conclusions.
Comparison with previous studies . Lang et al (39) noted
an increase in contrast enhancement of myocardial beds
after coronary angioplasty that was greater than that in the
normal beds. They attributed this phenomenon to hyperemic
blood flow in the bed supplied by a stenotic artery immedi-
ately after coronary angioplasty . Cheirif et al. (40) also
observed an increase in the mean contrast intensity after
papavarine compared with baseline in a perfusion bed sup-
plied by a vessel that had undergone successful angioplasty .
They suggested that myocardial contrast echocardiography
could he used in conjunction with papavarine for assessing
the success of coronary angioplasty . Our data are in agree-
ment with these reports and further suggest that quantitation
of time-intensity curves generated during contrast echocar-
diography relates directly to coronary blood flow reserve .
Our data also explain the underlying reasons for using
different variables derived from time-intensity curves in the
presence and absence of coronary vasoactive drugs .
Comparison with other techniques of assessing coronary
blood flow reserve. Other methods of assessing coronary
blood flow reserve in patients also measure relative changes
in flow. For instance, the epicardial and intracoronary
Doppler techniques measure the rate of change of velocity
(16,17)
. Because of its inability to measure changes in
coronary dimensions, the Doppler ultrasound technique is
)ACC Vol. IS . lo, 4
	
KELLER for AL .
fkrober 198X :525-34
CONTRAST FCHOCAR000RAPHY TO ASSESS CORONARY BLOOD FLOW RESERVE
not capable of measuring changes in flow . In addition, a does
not assess changes induced in myocardial blood flow or the
size of the perfusion bed supplied by the stenotic vessel . In
comparison, myocardial contrast echocardiography pro-
vides information on coronary blood flow reserve. myocar-
dial blood
flow and the size of the perfusion bed of a
coronary artery . Digital subtraction angography is another
technique with the potential for assessing coronary blood
flow reserve . Using this technique, Nissen et al . (18), like us,
found that !he areas under the curves obtained from myo-
cardial regions of interest correlate best with changes in-
duced in coronary blood flow after intraeoronary injection of
papavarine. Because digital subtraction angiography is not a
tomographic technique, however, it cannot provide a precise
estimation of the size of the perfusion bed supplied by a
coronary artery.
Limitations. The limitations of the current study pertain
to the limitations of assessing coronary blood flow reserve,
our method of measuring blood flow reserve and the patients
selected for this study
. The limitations of assessing coronary
blood flow reserve are common to all techniques and are
summarized by Hoffman (30) and Klocke (3t) . In addition,
vasoactive drugs such as papaverine might change the
caliber of the stenotic vessels resulting in potential underes-
timation of the flow limitations produced by a stenosis during
maximal myocardial oxygen demand (41)
.
The greatest lim-
itation of our method of assessing flow reserve, however, is
related to the lack of standardization of the size, concentra-
tion and method of injection of microbubbles . In addition,
even 2 ml of Renografin-76 alters coronary blood flow (28).
Use of
the newly describ
;d albumin microbubbles, under
current investigation in our laboratory (28), should eliminate
these problems. Finally, we selected patients with severe
single vessel disease. Whether similar results could be
obtained in patients with less severe critical stenoses or in
patients with multivessel disease needs to be investigated .
Conclusions. Our study describes the use of myocardial
contrast echocardiography to assess coronary blood flow
reserve in humans. It also validates the technique against
radionuclide microspheres in a canine model . We have
demonstrated that quantitative assessment of coronary
blood flow reserve is possible by measuring the area under
the curves generated during myocardial contrast echocar-
diography before and after an intraeoronary injection of
papavarine . We have previously shown that this technique is
safe in humans (32)
.
Assessment of coronary blood flow
reserve with the use of this technique adds no more than 15
min to the cardiac catheterization procedure . Compared
with other techniques utilized to measure coronary blood
flow
reserve, this technique provides additional information
on myocardial blood flow
ar.d the size
of the perfusion bed
supplied by a stenotic artery . Studies with larger popula-
tions, patients with a large array of coronary steaoses and
patients with multivessel disease are required to determine
933
whether the measurement of coronary blood flow reserve is
superior to assessment of coronary angiograms for determin-
ing prognosis in patients with coronary artery disease .
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